We resolve the classical conf lict between parallelization and axial resolution in three-dimensional f luorescence microscopy through time-multiplexed multifocal multiphoton excitation. A rotating array of microlenses on a disk splits ultrafast laser pulses in such a way that an array of high-aperture foci are created in the sample. Two rigidly mounted corotating glass disks with suitable arrays of holes ensure that adjacent foci illuminate the sample at different time points. Recordings of biological specimens demonstrate elimination of out-of-focus haze for densely packed foci and concomitant substantial improvement of contrast and resolution.
Multifocal multiphoton microscopy synergistically combines nonlinear f luorescence excitation and parallelized three-dimensional (3D) imaging, with particular advantages for real-time, high-resolution observations. 1, 2 A multifocal multiphoton microscope (MMM) scans an object with an array of high-aperture foci rather than with a single beam. The invention of the MMM was motivated by the insight that nonlinear optical damaging processes limit the usable focal peak intensity to ϳ200 GW͞cm 2 , which can already be reached by strong focusing of 7 -15 mW of a mode-locked Ti:sapphire laser beam. Whereas standard multiphoton microscopy makes use of only a fraction of the laser output, by scanning with 25-40 foci in parallel the MMM better exploits the 1-2 W of available laser power. Thus typical acquisition times are cut from ϳ1000 ms to 10-50 ms. 1, 3 The MMM features most of the advantages of single-beam multiphoton excitation microscopy, such as superior live-cell compatibility and the optical sectioning provided by the nonlinearity of the excitation. 4 The latter is important because, in contrast with parallelized (Nipkow-disk) confocal microscopy, 5, 6 a pinhole array is not required for conf ining the observation to the focal plane; conventional imaging onto a camera or the eye is sufficient for 3D observations. This makes the MMM a rugged device, particularly if the beam is split by a rotating disk with a densely packed microlens array. 1, 7 When one is exploring deep in scattering samples, imaging the f luorescence onto a camera may be disadvantageous compared with the nonimaging detection used in single-beam multiphoton microscopy. However, in this case the lateral resolution is determined by the shorter f luorescence wavelength. Therefore, for not too strongly scattering objects the lateral resolution of a MMM is superior to that of its standard multiphoton counterpart by ϳ40%.
A fundamental problem in parallelized 3D microscopy is the compromise that has to be made between the density of the foci and the optical sectioning ability or axial resolution. 8 -10 The reduction of the distance between the foci increases not only the speed or image brightness but also the interference between neighboring focal f ields given by the lens point-spread function. Above and below the focal plane, Talbot planes are found, in which the defocused field is reinforced.
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The overlap is more prominent in single-photon confocal disk scanners whose sectioning strength is additionally compromised by cross talk between adjacent detection pinholes. Wave optics calculations for an aberration-free MMM predict that for interfocal distances smaller than ϳ7l, that is, ϳ5.6 mm, the axial resolution is degraded, which is noticed as a haze in the images. 11 Therefore, in reported MMM systems, 1,2 the smallest interfocal distances ranged from 5 to 10 mm.
In this Letter we demonstrate that we can solve this classical conf lict between parallelization and axial resolution in a MMM by ensuring that the laser pulses of neighboring foci are temporally separated by at least one pulse duration, as has been proposed by us and others. 2 We refer to this method as time multiplexing (TMX).
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With a high degree of multiplicity, the interfocal distance can be reduced to such an extent that even scanning becomes obsolete.
The superior axial resolution of a TMX-MMM is demonstrated, and the f irst 3D images recorded with this method are presented. Our experiments also reveal that TMX provides improved imaging for interfocal distances larger than 7l in the presence of aberrations. Hence, TMX can be regarded as a general improvement in fast 3D microscopy.
In the MMM illustrated in Fig. 1 , the beam of a mode-locked Ti:sapphire laser was split into 25-40 beamlets by an array of microlenses etched into a disk of fused silica. 1 The microlenses were arranged on a Nipkow-type spiral so that rotation of the disk ensured full coverage of the focal plane, up to 4000 times per second. Beamlets of ϳ10 mW passed through the intermediate optics and were focused in the sample by a 1.4 oil immersion lens of 1003 magnification. The f luorescence was imaged onto a camera or observed through the eyepiece. For a pulse duration of 130 fs, a delay of 250 fs is suff icient to ensure that the f ields of neighboring beamlets are separated in time. Such a delay is achieved when one of the beamlets is forced to pass through at least 150 mm of glass with an index of refraction of 1.5.
All experiments were carried out at the wavelength l 0 800 nm and with three different disks. The f irst disk, MMM-6.4, was realized without TMX and featured a lens pitch of 512 mm, which resulted in an interfocal distance of 5.12 mm ͑6.4 l 0 ͒ in the sample. The second disk, MMM-TMX-6.4, was identical to the first, except for two glass disks of 300-mm thickness, rigidly mounted on its back side. The glass disks featured a pattern of holes that were chosen such that one third of the beamlets passed through both glass disks, the second subset through just one, and the third through none (Figs. 1 and 2 ). Thus three classes of foci were produced, whereby only foci belonging to the same class were capable of interfering with each other. Neighboring foci belonged to different classes, denoted A, B, and C in Fig. 2 . This measure increased the effective interfocal distance d by p 3, that is, to 8.87 mm ͑11.1l 0 ͒. To exemplify an increase in brightness, we also time multiplexed the third disk, MMM-TMX-4.7, but this disk featured a smaller lens pitch of 234 mm. The interfocal distance was 3.74 mm ͑4.7 l 0 ͒ because we elected to use a 13 as opposed to a 1.63 magnifying tube lens in combination with this disk. The distance between interfering foci was 6.48 mm ͑8.1 l 0 ͒, which is ϳ25% more than for disk MMM-6.4.
The sectioning property of the MMM was examined by measurement of the sea response, I sea ͑z͒ C R z 2`R0 jE͑r, z 0 ͒j 4 rdrdz 0 , which we obtained by recording the f luorescence of a thick ͑ϳ40 mm . . l 0 ͒ layer of a solution of Rhodamine 6G in immersion oil. E denotes the focal f ield produced by the lens array in cylindrical coordinates, r, z, w; C is a constant. Representing a half-space, the sea response is sensitive to weak contributions from above and below the focal plane and therefore is a stringent test of the axial sectioning of a f luorescence microscope. Figure 3(a) shows I sea ͑z͒ for disks MMM-6.4 and MMM-TMX-6.4, recorded with a layer of 32-mm thickness. The layer is thick enough that the inf luence of the f irst edge on the second is small. An important result is that, although I sea ͑z͒ of the regular disk exhibits shoulders at the edges, these shoulders are reduced in the TMX version.
We also measured I sea ͑z͒ for individual microlenses (data not shown). We found that the responses produced by single microlenses were the same on all disks. This excludes that the shoulders are due to differences in the performance of the individual disks. It also proves that passing the beam through the thin glass in the MMM-TMX-6.4 disk did not introduce substantial spherical aberration. Hence, the shoulders in the MMM-6.4 curve of Fig. 3(a) are due to excitation above and below the focal plane augmented by focal overlap. At the interfocal distances used, this overlap can be caused only by the interference of lobes from aberrated foci. The improvement with disk MMM-TMX-6.4 is due to the time multiplexing of the aberrated focal fields.
A f luorescent sea represents a worst-case situation in 3D imaging. It tests the ability to separate a small f luorescent object next to an axially extended one. V ͑z͒ dI sea ͑z͒͞dz, represents the other extreme, an infinitely thin film. Extraction of V ͑z͒ from the measurements [ Fig. 3(b) ] yielded nearly identical results for all I sea ͑z͒, providing further evidence that the shoulders are due to slowly varying out-of-focus contributions.
Most applications fall in the range between these two extremes. The overlap discussed here will mask fine objects when they are in the proximity of axially extended ones. If contributions from thick objects need not be suppressed, one can exploit TMX to increase the density of foci, as demonstrated with disk MMM-TMX-4.7. Thus the f luorescence f lux is (d) and (e). In (c) and (f ) TMX permitted sectioning with a higher focal density, at a resolution similar to that of (a) and (d) but at higher speed.
raised in a smaller f ield of view without degradation of the axial resolution. Owing to TMX, the distance between interfering foci was nearly the same as with disk MMM-6.4.
To illustrate the benefits of TMX we imaged a pollen grain of ϳ30-mm diameter with prominent spikes. The spikes are ideal for demonstrating the relevance of TMX, because they are micrometer-sized objects protruding from the extended pollen. Figures 4(a)-4(c) show xy images taken at the same axial height. Figure 4(a) , which was recorded with disk MMM-6.4, displays a haze. In Fig. 4(b) this haze is absent because the image was recorded with disk MMM-TMX-6.4. Finally, Fig. 4(c) shows that when one is imaging with the dense array MMM-TMX-4.7, the image has a similar quality to the sparse array MMM-6.4. The combined surface -voltex plots of Figs. 4(d)-4(f ) display the effect of TMX in 3D data stacks. For all 3D images the isosurfaces were taken at a value of 8.2%, and the voltex ranged from 3.9% to 8.2% of the maximum intensity. In contrast with the stack recorded with disk MMM-6.4 [ Fig. 4(d) ], the stack taken with disk MMM-TMX-6.4 is virtually haze free [ Fig. 4(e) ]. Figure 4 (f ) was recorded with the denser disk, MMM-TMX-4.7, revealing that the resolution is largely the same as that found with the sparser disk. The asymmetry in the haze of the 3D images is due to coherent addition of small aberrations introduced by the optical components and the sample. This result also indicates that TMX eliminated the cross talk stemming from the overlapping lobes of aberrated focal fields.
In conclusion, we have demonstrated that temporal separation of the pulses of adjacent foci in a multifocal multiphoton microscope resolves the conf lict between parallelization and axial resolution in 3D f luorescence microscopy. This concept gains additional relevance because it is readily extended to other forms of nonlinear microscopy, such as higher harmonics and coherent anti-Stokes Raman scattering. TMX-MMM provides unrivaled sectioning strength for parallelized, real-time imaging without requiring postprocessing of the data. This is important since data processing demands a strong signal, which is rarely encountered in f luorescence imaging. By matching the number of delays with the number of foci, TMX will allow one to reduce the interfocal distance to such an extent that lateral scanning will be redundant in 3D imaging. *Correspondence address, S. W. Hell at hell@4pi.de.
